INTRODUCTION: Arteriovenous malformations (AVMs) are a type of vascular malformation characterised by an abnormal connection between arteries and veins, bypassing the capillary system. This absence of capillaries generates an elevated pressure (hyperdebit), in both the AVM and the venous drainage, increasing the risk of rupture. Management modalities are: observation, microsurgical clipping, endovascular treatment and radiosurgery. The former can be used alone or in the frame of a multidisciplinary approach. We review our single-institution experience with gamma knife radiosurgery (GKR) over a period of 5 years.
Introduction
Arteriovenous malformations (AVMs) are a type of vascular malformation characterised by abnormal connections between arteries and veins, bypassing the capillary system. The draining veins are dilated because of the arteriovenous shunt. Absence of capillaries generates an elevated pressure (hyperdebit), inside both the AVM and the venous drainage [1] . The high pressure transmitted to the venous system increases the risk of rupture and, in consequence, the risk of haemorrhagic events, as the vascular walls are not adapted to this type of blood flow. The hyperdebit can also create "blood steal phenomenon", which can in turn generate additional clinical manifestations (epilepsy, other neurological deficits, etc.) [2] . Chronic high blood flow in arterial feeders may induce stenotic or dilated vessel changes with endothelial thickening, abnormal or absence media and elastic lamina, as well as intimal hyperplasia [3] . They are usually solitary, but can also occur as multiple lesions, within the frame of a syndrome, such as Rendu-Osler-Weber, Wyburn-Mason or Wyburn-Mason [4, 5] The natural history and prevalence of AVMs are not completely understood. The estimated prevalence ranges between 14 and 18 cases per 100,000 [6, 7] . The main location is supratentorial (90%). The feeding artery is usually the middle cerebral artery, followed by the anterior and posterior cerebral arteries. Over time, AVMs may vary in size, increasing, decreasing or even disappearing unexpectedly [8] . The risk of spontaneous brain haemorrhage is 2 to 4% per year [9] . Moreover, ruptured AVMs are responsible for 38% of intracranial haemorrhages in patients aged between 15 and 45 years [10] . Morbidity rates vary, depending on the study, between 4 and 30% [11] . Clinical manifestations include haemorrhage (the most frequent, more than 50% of cases), epilepsy, symptomatic mass effect, ischaemia, neurological deficit or headaches [9, 12, 13] . Management of intracranial AVMs includes observation, microsurgical excision, endovascular treatment and radiosurgery. These treatment modalities can be used alone, or in the frame of multimodal management [9, 14] . Microsurgery directly approaches the AVM, coagulates and clippers the arterial pedicle, followed further by nidus ablation and exclusion of the abnormal drainage vein [15] . Endovascular treatment is based upon injection of embolisation agents (coils, glue, onyx) into the AVM. Radiosurgery is a noninvasive approach, which is being increasingly used and which results in progressive obliteration over a mean period of 2 years. The ideal radiosurgery targets are small to medium size, and for these it represents a safe primary treatment option. The adverse radiation effects are considered low. Five-year obliteration rates vary between 70 and80% [16] [17] [18] [19] . A multidisciplinary approach is considered the key for optimal patient management. The present report evaluates the therapeutic role and the outcomes (both clinical and radiological) of gamma knife radiosurgery (GKR), as primary or combined treatment for intracranial AVMs, during a period of 5 years in a single centre. We report the three main standard outcomes after GKR: obliteration rate, radiation-related complications and postherapeutic GKR haemorrhages.
Materials and methods

Study design
The study was prospective, open-label and nonrandomised. A case report form was created for the first treated case and prospectively filled in for each patient. It included both baseline (pretherapeutic) and follow-up data. Overall information encompassed demographic and dosimetric data, related to the radiosurgical approach.
Patients
All GKR treatments were performed during the period July 2010 and August 2015, in a single centre, Lausanne University Hospital (CHUV). The database was considered closed for new information in October 2017. Fifty-seven consecutive patients (64 GKR treatments) were included, with variety of AVM stages (see classification below) and locations. The choice of radiosurgery was made after discussion within the interdisciplinary neurovascular board in the CHUV. Inclusion criteria were: AVM documented by MRI, further and confirmed with digital subtraction arteriography (DSA); patient able to give free and informed consent; cases who benefitted from previous radiosurgery and/or other treatments, regardless of the techniques used (GK or other radiosurgery devices (ex. linear accelerator), microsurgical resection, endovascular approach) Exclusion criteria were: patients who were not able to give an informed consent and cases lost for follow-up (only one case; taken into consideration for baseline pretherapeutic data only).
Gamma knife radiosurgery procedure
After application of the Leksell Model G stereotactic frame (Elekta Instruments AB, Sweden) under local anaesthesia, all patients underwent stereotactic imaging on the day of GKR. In our Gamma Knife Centre in Lausanne, we always use multimodal imaging for target definition. For AVMs, digital subtraction angiography (DSA), magnetic resonance imaging (MRI) and computed tomography (CT) angiography were used. MRI sequences routinely used Routinely used to better identify the AVM, were time of flight (TOF, 0.6 mm slices) and T1 without and with contrastenhanced (1 mm thickness). Additional sequences, such as T2 star were employed if necessary to visualise possible previous haemorrhages. CT angiography with bolus contrast injection routinely supplemented the neuroimaging investigation in order to correct for any distortion errors on the MRI and to have complementary information for better targeting (e.g., nidus and complete angioarchitecture) definition ( fig. 1 ). All patients underwent Leksell Gamma Knife Perfexion™ (Elekta Instruments AB, Sweden) by the same operators (ML, CT) within the specified timeframe. Leksell Gamma Plan (LGP version 10.0 and 11.0, Elekta Instruments AB, Sweden) was used for dosimetry planning.
Basic dosimetric data
The mean marginal prescribed dose was 22.4 Gy (median 24, range 18-24 Gy). The delivered dose was established mainly on the basis of the AVM volume and anatomical location. We usually prescribe 24 Gy if possible, based on the published literature within the past three decades, and on the safety and efficacy of radiosurgery in this indication [20] .
Follow-up procedures
Data were collected between July 2010 and October 2017. Patients were seen in person at baseline (before therapy) and at 6, 12, 24, 36, 48 and 60 months after GKR, except for cases with clinical and/or radiological complications before these time-points. Follow-up investigations included a medical consultation and radiological assessment with MRI angiography. If MRI suggested complete obliteration, cerebral DSA was performed. This represents the gold standard, in our setting, for formally confirming complete AVM obliteration. However, in some instances, in both Lausanne and in other Swiss referral hospitals that referred cases for GKR, in rare instances DSA was not done because the patient refused (a total of seven cases had MRI only without DSA for confirmation of complete obliteration).
Reported outcomes
We report the main following three outcomes after GKR: obliteration rate; radiation-induced complications, including new or worsened confirmation clinical symptomatology and/or new radiological findings (cerebral oedema, radionecrosis, cysts, etc.); post-GKR haemorrhages.
Standard classifications for pre-and post-therapeutic evaluations
The most common radiosurgical grading system for brain AVMs is the Pollock-Flickinger score [21] . It is based on three main factors: patient age, AVM volume and AVM location. The score is calculated with the following formula: (0.1 × volume in ml) + (0.02 ×age in years) + (0.5 × location [hemisphere / corpus callosum / cerebellum = 0; basal ganglia / thalamus / brain stem = 1]). The score predicts the success rate, mainly the potential for obliteration without secondary effects after GKR treatment. The most common surgical grading system is the SpetzlerMartin score. The score takes into account the AVM size (small <3 cm; medium 3-6 cm; large >6 cm; 1, 2, 3 points, respectively), location (eloquent adjacent brain 1 point; non-eloquent 0 points) and the venous drainage pattern (superficial 0 points; deep 1 point). Eloquent brain areas include sensory, motor and visual cortex, language-dedicated areas (Broca and Wernicke areas), hypothalamus, thalamus, internal capsule, cerebral stem, cerebellar peduncles and nodes. The score predicts the surgical success rate and also evaluates other possible modalities of treatment (embolisation and radiosurgery).
Statistical analysis
Stata software (STATA version 11; STATA Corp., Texas, USA) was used for the statistical analysis. Kaplan-Meier analysis was used to evaluate the time-to-event for obliteration and complication rates. Patients' data were censored at the last follow-up for those who did not have these events. For cases with an event, either obliteration or a complication, the date of the event was recorded and was considered as reference. An acceptable type I error was determined at 0.05 for all statistical tests. Univariate analyses included the two-sample t-test and the log-rank test.
Results
Basic clinical and demographic data
The median age was 46 years (range 13-79 years). The mean follow-up period was 38.2 months (median 38, range 12-75 months). The most common clinical presentation was haemorrhage (50%). The Pollock-Flickinger score was most commonly between 1.01 and 1.5 (46%) and the Spetzler-Martin grade III (46%). In 39 (60.1%) instances, there was no previous treatment and GKR was used as upfront therapy. Other basic demographic data can be found in table 1 and table 2 .
Basic dosimetric data
The mean gross target volume was 2.295 ml (median 1.2, range 0.032-11.3 ml). Mean marginal dose was 22.4 Gy (median 24, range 18-24 Gy). The mean prescription isodose volume was 2.984 ml (median 1.77, range 0.065-14.6 Gy). Other basic dosimetric data, including standard radiosurgical indexes, can be found in table 3. 
Obliteration rates after GKR
For 39 (61%) GKR treatments, there was complete obliteration after a mean period of 32.9 months (median 35, range 8-56 months). The mean follow-up period in the partially obliterated AVM group was higher, at 40.7 ± 8.5 months (range 12-71 months), as compared with complete obliteration 32.9 ± 3.7 months (range 8-56 months). However, the partially obliterated group included more complicated cases, including previous embolisation, larger size with staged-treatments, etc. Clinical and/or radiological complications (including haemorrhage) after GKR Nine (14%) patients experienced complications after GKR (see table 4 ). The actuarial complication rate was 8% at 1 year and was 9% at 16 months, remaining stable over time until last follow-up. Three cases (4.7%) had haemorrhage during the followup period after GKR. One died, one presented few symptoms and was followed-up with serial MRI (progressive resorption) and one underwent microsurgical resection with a slowly favourable clinical outcome.
The following complications occurred, each in one patient (1.6%): ischaemic stroke; ventriculo-peritoneal shunt placement for high intracranial pressure (12 months after GKR); volumetric growth of a previous asymptomatic cyst; important perilesional oedema; and superior sagittal sinus partial thrombosis. The ischaemic thalamic stroke occurred in a young patient, was clinically symptomatic, and was treated with embolisation, followed by decompression craniectomy and further right partial temporal lobectomy. One case had benefitted previously from a Linear Accelerator (Linac) radiosurgery treatment, 4 years before GKR, with incomplete obliteration. This patient had a transient asymptomatic increase of cysts present after Linac radiosurgery, at 6, 12 and 18 months after GKR; their volume decreased at 24 months, when the AVM was completely obliterated. In one case, there was major perilesional oedema at 6 and 12 months, which disappeared at 24 months, and the patient showed progressive clinical improvement on prolonged corticosteroid therapy. The patient with an asymptomatic partial thrombosis of the superior sagittal sinus was given anticoagulant therapy; 2 years after GKR and 12 months after the start of this therapy, there was complete resolution.
Discussion
Our study analysed the place of GKR, as an upfront or adjuvant treatment, in the upfront and/or multimodal management of brain AVMs. . In a recent meta-analysis, which included observational studies, severe complications were observed in 5.1 to 7.4% of patients and median obliteration rates were 13 to 96% [22] . The ARUBA study, designed to answer the question of observation and medical management alone versus medical management plus prophylactic interventional therapy, was stopped because of increased complications rates in the treatment arm compared with the medical management group [23, 24] . Typically, observation and medical management is considered for asymptomatic patients and those without previous haemorrhage. Treatment strategies may be used alone or in the frame of multimodal therapy. They include microsurgery, endovascular treatment and GKR. Surgery requires craniotomy and dural opening. Overall mortality rates are approximately 3.3% and morbidity 8.6% (increasing with increase of the Spetzler-Martin grade) [25] . Endovascular treatment has become increasingly used with the advances in this technology, including new microcatheter designs and the development of solid and liquid embolic agents. In a recent meta-analysis, the fatality rate was estimated to be 0.96 per 100 person years and haemorrhage rates 1.7 per 100 person years [22] . Complications leading to permanent neurological deficits or death were seen in 6.6% of cases [22] . AVMs were among the first GKR indications, with a first treatment in Sweden in the early 1970s. This was directed by use of the standard imaging technique, DSA, which already allowed optimal targeting, even before the appearance of MRI in the early 1980s [26] . The physiopathological mechanisms of obliteration after GKR are related to structural changes within the endothelial cells, followed by myofibroblast proliferation, expansion of the extracellular matrix into the intima and further hyaline transformation of the wall of the irradiated vessels. This occurs mainly in two steps, one related to degeneration/proliferation of the vascular wall and the second involving changes within the connective tissue [27, 28] . The crucial factor for successful obliteration with GKR is targeting. This is based upon multimodal imaging, which should include, in our opinion and experience, cranial DSA in addition to the widely used MRI and CT angiography. The definition of the nidus, even in experienced hands, is still sometimes difficult and should be done in collaboration with an experienced neuroradiologist. It is nowadays considered that the foot of the vein should be included in the dosimetry [29] . However, this does not apply to the entire trajectory of the draining vein. In particular, irradiating large parts of the former should be avoided, as this might provoke a collapse of this anatomical structure before the nidus itself has been entirely obliterated, leading to higher blood pressure on the nidus wall and ultimately resulting in accidental haemorrhage. Moreover, in clinical practice, even with use of multimodal imaging (DSA included), draining veins are complicated in their structure, making an accurate delineation and further separation from the target volume difficult [30] . For all Spetzler-Martin grades combined, the overall obliteration rate by surgery is 97%, with a mortality of around 3.3% and a morbidity of 8.6% [31] . Microsurgical treatment completely obliterates high-grade AVMs in 57 to 100% of cases, with non-negligible mortality rates of between 0 and 11% and higher morbidity rates of between 4 and 85% (higher for higher Spetzler-Martin grades III-V) [32] . Combined endovascular and surgical treatment allows higher obliteration rates, of between 83 and 100%, with a complication rate of 15.4% [33, 34] . With embolisation alone, AVM volume reduction is achieved in 79.5% and complete obliteration in 20% of cases, with a complication rate of 12% (range 8-40%) [35] . It is estimated that 40% of AVMs can be treated with embolisation alone, with a morbidity and mortality rate of 1.3% (range 2-7%), depending on the AVM characteristics [36] . With radiosurgery and surgery combined, the overall obliteration rate is 33%. It is nowadays considered that treatment with radiosurgery alone, without prior embolisation, gives a higher probability of obliteration [20] . This is related to several factors, including that combined treatment is used for more complex AVMs, difficult to cure by only one treatment modality. In this context, multimodal management offers a real possibility for cure. Furthermore, there are more radio-induced changes in previously embolised AVMs than in those having had an upfront radiosurgical treatment (43 vs 33%). On the other hand, radiation-induced clinical deficits are lower for the AVMs not previously embolised [20] . Our study has several potential limitations. The first is the low number of cases. The second is the relatively short follow-up period, if the mean delay of obliteration after radiosurgery is taken into account; this varies across the studies, but is generally considered to be 2 to 3 years for small to medium size AVMs. The third is the retrospective design. Radiosurgery is safe and effective as part of a multimodal management of intracranial AVMs, as upfront treatment, or in the frame of combined treatment associated with other modalities (e.g., microsurgical clipping, endovascular). Overall obliteration rates were as high as 80% at 5 years in the present study, in close agreement with what has already been described in the literature. Complications were rare, up to 14% at 5 years, and were transient in the vast majority of cases. The mortality due to radiosurgery itself is 0%. However, during the obliteration period, haemorrhages may still occur until complete AVM cure.
